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Abstract 
Due to the increasing interest in lightweight structures, carbon-fiber reinforced plastics are increasingly applied, especially 
in the transportation industry. An interesting technology for joining these materials is adhesive bonding due to numerous 
advantages compared to conventional techniques like riveting. However, to achieve a strong and durable bond, surface 
pre-treatment is necessary to remove residues of release agents that are transferred to the surface during manufacturing. 
This paper describes analytical experiments, namely SEM and XPS, performed on CFRP surfaces pre-treated with 308 nm 
excimer laser radiation. 
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1. Motivation / State of the Art 
The use of carbon-fiber reinforced plastics (CFRP) is increasing in all areas where weight reduction 
enables an improvement, either in an economic or ecological way or as regards performance. One major 
challenge in the application of composite parts is the joining technology; conventional techniques using 
joining elements like screws or rivets damage the fibers, due to the necessary drill-holes and lead to major 
stress concentrations, which again significantly reduce the lightweight potential due to the necessary local 
reinforcements. One possibility of achieving a higher degree of material utilization consists in laminar 
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substance-to-substance bonds which can be provided by adhesive bonding. However, to achieve strong and 
resistant adhesive bonds a good adhesion between the adhesive and the joining partner has to be provided, 
which is often affected by surface contaminations as, for instance, residues of mold release agents remaining 
on the surface after the manufacturing process. 
For this reason, a surface pre-treatment is necessary prior to adhesive bonding to provide a reproducibly 
clean, slightly rough and preferably active surface. State-of-the-art in achieving this is either the removal of 
so-called peel-plies, which are inserted into the surface prior to curing the matrix resin and are torn out before 
adhesive bonding [1-3], or any kind of mechanical treatment, such as manual grinding or grit blasting. 
However, these processes have several disadvantages with regard to process speed, complexity or the 
necessity of subsequent cleaning processes. 
One alternative approach presented in this paper is the application of 308 nm excimer laser radiation to 
remove contaminations and either a layer or the whole resin matrix. In this field several studies have been 
performed on bulk polymers as well as on FRP. In these research projects, wavelengths were investigated, 
from the UV range (248-308 nm) [4-7], the visible green range (532 nm) [8], the near IR range (1,064 nm) up 
to the far IR range (10,600 nm) [9], and their influence on achievable bonding strengths was described. State-
of-the art excimer lasers feature solid-state pulse switching, high-speed gas flow design as well as beam-
preserving electrode architecture. Such advantages are the basis of the unmatched UV pulse-to-pulse stability 
provided by excimer lasers as against a UV power range extending from 10 to 1000 W. In modern excimer 
lasers maintenance has been significantly reduced, operating costs for state-of-the-art excimer lasers are hence 
exceeding those of UV solid-state lasers. The fast development of both, CFRP material and excimer laser 
technology [10], as well as the complex interaction mechanisms are the cause for the research work presented 
here. 
2. Experimental 
2.1. Applied laser equipment and parameters 
Specimens were irradiated with a Coherent excimer laser model LPXpro 305 at a wavelength of 308 nm and a 
pulse duration of 28 ns. Both axes of the excimer laser beam were independently shaped to achieve a large 
per-shot processing footprint of 30 mm x 1.8 mm. Employing a dual-axis beam homogenizer, a 1 % rms 
overall line field fluence homogeneity was preserved during processing. By varying the excimer laser pulse 
energy it was easily possible to achieve fluences up to 
1,000/cm2. In the experiments, fluences between 400 
and 800 mJ/cm2 were applied, and the number of 
pulses per area was varied between 1 and 48 pulses. In 
the experiments, the laser pulse frequency was 
selectable between 1 and 50 Hz. However, as to 
potential process upscaling, 308 nm excimer lasers 
with up to 500 Watt output power are available 
providing pulse to-pulse stabilities of below 0.5 % 
rms for each new gas fill, as shown in Figure 1. 
 
Pulsed excimer lasers are the strongest and most 
efficient laser sources in the ultraviolet spectral region. 
Pulse energies as high as 2.0 mJ are commercially 
available from the latest excimer laser platform 
Fig. 1. (a) stabilized 42-hour run of a 130-W LEAP laser; (b) 
Stabilized run of a 500 W LSX laser over 35 hours.  
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VYPER. Virtually no material is able to withstand the high photon energies ranging from 3.5 to 7.9 eV 
emitted by excimer lasers. As a result of the irradiation of material with high energy photons at sufficient laser 
fluence immediate bond breaking due to electronic excitation is induced. In combination with short-term laser 
material interaction of only about 25 ns excimer laser pulse duration, ablation of the pre-preg material as well 
as the carbon fibers predominantly proceeds via fast evaporation and consecutive ejection of material with 
only negligible dissipation of heat to the surrounding material area. 
In material ablation a general rule is, the shorter the employed laser wavelength, the smaller the penetration 
depth of the laser radiation into the material. For 
excimer lasers operating at UV wavelengths of 308 
nm and below the measured per shot ablation depths 
for organic and anorganic polymers is typically 
restricted to about 100 nm. This extremely shallow 
laser penetration into the material results in very 
controllable layer-by-layer ablation with virtually no 
heating of the bulk material, thus eliminating the 
ejection of particulates. The entire laser energy is thus 
deposited inside a very restricted material volume 
resulting in even material evaporation with clean 
ablation zones provided that a homogeneous 
illumination of the CFRP surface to be cleaned is 
provided. 
In order to achieve high processing rates for large 
surfaces excimer laser beams can be formed to 
various field sizes and geometries. The throughput is 
scalable both via the area of the laser field which can 
become as high as 100 mm2 and more depending on 
the fluence requirements and via the repetition rate 
which can be as high as 600 Hz for high power 
excimer laser systems. 
There are two basic processing strategies for large-
area CFRP processing, namely, line scanning and 
step-and-repeat processing which are illustrated in 
figure 2. In line beam scanning, the naturally 
rectangular output distribution of the excimer laser is 
reshaped into a thin but long line beam.  The length of 
the laser line can be set to several 100 mm, and the 
width is typically around 500μm, depending on the 
laser output power.  This line is then scanned over the 
CFRP surface using the desired overlap which in the 
case of two pulses per area would be set to 50 % 
line field overlap. Line beam scanning is best used 
for large and even surfaces.  
Curved surfaces are generally better addressed using rectangular or quadratic fields. In step-and-repeat 
wise surface processing, a homogeneous square or rectangular field spot (typically about 5 mm on each side) 
is projected on the CFRP surface, and an exposure is made which is sufficient to cause controlled ablation. 
Then the rectangular laser field is repeatedly stepped with a certain overlap according to the required per-area 
Fig. 2.Excimer laser processing strategies for high 
throughput, large area coverage 
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pulse number until the entire CFRP surface is covered. Excimer laser technology as of today enables 
maintenance-free, three-shift, high duty-cycle operation over the course of 1 year. Owing to the inherent 
energy and power scalability of UV excimer lasers, a wide range of operation parameters is available and 
 
High repetition rate, line-narrowed excimer laser models are found to operate at 10 mJ per pulse and up to 
6 kHz pulse frequency with narrowed bandwidth of 0.35 pm (FWHM) in advanced photolithography scanners 
producing computer chips with 45 nm feature size. Output energies over 1 Joule per pulse at up to 600 Hz 
pulse frequency corresponding to 600 W are provided high power excimer lasers used in 24/7 poly-silicon 
annealing of LCD and OLED backplanes at a rate of 100 cm2 per second in flat panel display production.  
Thousands of air-cooled, table-top excimer lasers form the backbone of LASIK vision correction systems 
reshaping the corneal surface at multi-hundred Hz pulse frequency in as little as 10 seconds per eye. Long and 
independent of repetition rate and output energy. Such output stability levels are unachievable by frequency 
converted UV technologies and are a prerequisite to achieving the accuracy and repeatability needed in 
industrial mass manufacturing. 
2.2. Materials and measurement 
Experiments were carried out using typical aerospace pre-preg material processed in a closed mold press 
process at a curing temperature of 120 °C and a pressure of approx. 3 bars. To achieve typical surface 
contamination the mold was coated with polysiloxane-based release agent, and no release film was used. 
After manufacturing the specimens were cut with a water cooled circular saw and then cleaned with 
isopropanol to remove residues of the cutting fluid. Between laser pretreatment and XPS measurement the 
specimens were packed in laboratory aluminum foil and stored in an exsiccator. 
 
The XPS measurements were performed with a round measuring spot with a diameter of 800 μm on a Phi 
Multiscan 5000 spectrometer with a pass energy of 25,5 eV or respectively 117,4 eV. 
3. Results 
3.1.  SEM characterization 
Figure 3 shows SEM pictures of surfaces treated by different pulse energies and different number of 
pulses. The specimens treated with only two pulses and energy densities of 600 mJ/cm² and 800 mJ/cm² 
(figure 3, top) show structures in the resin matrix which is caused by the ablation process, but only a few 
exposed fibers in the case of 600 mJ7cm2. The reason for the exposed fibers just in case of the lower pulse 
energy is the different thickness of the top matrix layer. 
The formation of surface structures by excimer laser ablation has already been described in [11] for PEEK 
matrix CFRP. In [12] several publications are described which show the formation of surface structures due to 
laser ablation, this reference names a combination of photochemical and photothermal effects as explanation 
for this phenomenon. Although the surface looks as if it was melted and solidified this can be foreclosed 
because of the thermoset nature of the epoxy based matrix resin. 
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Fig: 3. SEM pictures of laser-treated CFRP surfaces  top: 2 pulses: left 600 mJ/cm² - right 800 mJ/cm² - bottom: 16 pulses - left  
600 mJ/cm² - right  800 mJ/cm² 
 
The specimens treated with 16 pulses show clearly exposed fibers independent of the pulse energy as 
shown in figure 3, bottom. In the border area of the fibers, a small structure can be noticed which might hint 
to some local damage of the sizing. 
3.2. X-Ray Photoelectron Spectroscopy 
With the quantitative spectroscopic technique XPS (X-Ray photoelectron spectroscopy) the measuring of 
elemental composition, empirical formula, chemical state and electronic state of the elements that exist within 
a material is possible. XPS spectra are obtained by irradiating a material with a beam of X-rays while 
simultaneously measuring the kinetic energy and number of electrons that escape from the top 1 to 10 nm of 
the material being analyzed.  
Figure 4 shows the XPS spectra of a untreated specimen and specimens treated by different pulse energies 
(600 mJ/cm2 and 800 mJ/cm2) and different number of pulses (from 2 to 48 Pulses). The focus of the XPS 
measuring is on the elements oxygen, nitrogen and silicon. Oxygen is in the focus to determine the degree of 
oxidation. The element nitrogen is a part of the functional amino group of the hardener of the epoxy resin. 
And silicon is the main component of the polysiloxane-based release agent.  
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Fig. 4. XPS spectra of CFRP specimens treated by excimer radiation with different pulse energies and different number of pulses. 
 
The XPS spectrum of the untreated specimen in figure 4 shows the typical peaks of Si2s and Si2p with a 
binding energy of around 150 eV and 103 eV because of the abovementioned release agent on the surface. 
Furthermore the spectrum does not show the nitrogen peak which is probably covered by the release agent. In 
opposition to this the XPS analyses of the excimer treated specimens (treated with the both pulse energies and 
a number of pulses up to 16 pulses) detect the nitrogen peak but there is no signal of the element silicon. 
These data suggest that the release agent is removed by the laser treatment. These results correspond to the 
prior assumption for the untreated specimen of the surface covering by the release agent.  
The numbers of counts of the XPS analyses are listed in table 1 to clarify the quantitative ration of the 
element signals. 
Table 1: the atomic concentration measured on the surface by XPS analyses. 
Sample / laser treatment C1s N1s O1s Si2p 
P1: 600 mJ/cm² - 2 pulses 85,57 4,55 8,97 0,39 
P3: 600 mJ/cm² - 16 pulses 86,25 4,85 7,22 1,14 
P4: 800 mJ/cm² - 16 pulses 85,88 4,95 7,2 1,53 
P5: 800 mJ/cm² - 48 pulses 73,35 2,68 20,37 3,52 
The values for carbon, nitrogen and oxygen in table 1 may be considered as constant up to 16 pulses, so 
there is a proper laser ablation of the resin matrix after the removing of the release agent. The values of these 
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three elements correspond to the ingredients of the epoxy resin. But the excimer laser treatment with 48 pulses 
leads to an appreciable enlargement of the oxygen peak in combination with decreasing values for nitrogen 
and carbon due to the excavation and then subsequently due to the oxidation of the carbon fibers.  
The increased silicon value with 800 mJ/cm2 and 48 pulses overlap is due to sizing of the excavated fibers. 
A silicon derivate is an ingredient of the sizing with the function of a adhesion agent. 
An interesting aspect of the XPS spectra contains the Si2p peak which finally consists of two 
superimposed peaks as shown in figure 5. 
Fig. 5. XPS fine scan of the Si2p peak with the two superimposed Si-peaks at 102.7 eV and 101.7 eV 
 
Figure 5 shows a XPS fine scan with two superimposed Si2p peaks which correspond to the cross-linked 
polysiloxane release agent on the surface of the untreated specimen. In the polysiloxane release agent 
different chemical bonds occur during the oven process. On one hand there is a 
typical CH3-Si-CH3 bond with two directly bonded oxygen atoms and a binding 
energy of 101.7 eV (see figure 6, red). And on the other hand there is a cross-
linked Si-CH3 bond with three directly bonded oxygen atoms and a binding 
energy of 102.7 eV (see figure 6, green). 
The increased binding energy of green marked silicon in comparison to the 
red marked silicon results from the higher electronegativity of the oxygen. 
Oxygen reacts in this case as electron acceptor. This behavior leads to a 
Fig. 6. Lewis formula of a cross-
linked polysiloxane 
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stronger positive character of the silicon, thus to a higher binding energy. This result could be a way to 
quantify the level of curing of a silicone. 
 
4. Discussion and correlation of analytical Results with mechanical tests 
Results of mechanical tests have already been presented by the authors in [7]. This chapter correlates the 
analytical results described above with the results of the mechanical tests and discusses the influence of 
excimer laser pre-treatment on surface morphology and bondability. 
The effect of the surface pre-treatment with the excimer laser on the bonding strength of CFRP-CFRP 
adhesive bonding was tested by a single lap shear test according to DIN 1465. The achieved strengths are 
shown in figure 6. The maximum shear strengths displayed in figure 7 illustrate the potential of the excimer 
laser treatment of thermoset carbonfiber reinforced material. The strength of the abraded references are 
achieved or even exceeded by different excimer laser parameters. Conspicuous are on one hand that the 
treatment with a pulse overlap of 16 pulses tends to show adhesion failure independent on the pulse energy. 
On the other hand that the maximum shear strength of the specimens treated with a pulse overlap of two 
pulses is in the same range as the references or even higher and independent on the pulse energy, as well. 
Fig. 7. The achieved shear strength of excimer laser treated adhesive bonded CFRP specimens with different pulse energies and different 
pulse overlaps [7] 
 
Remarkable is that the specimens treated with a pulse energy of 600mJ/cm2, a pulse overlap of two pulses 
have the highest shear strength and in addition a complete cohesive failure occurs in the adhesive but the 
specimens treated with a pulse energy of 400mJ/cm2  and a pulse overlap of two pulses have not such high 
shear strength and have not a 100% cohesive failure in the adhesive. The behavior with 400 mJ/cm2 is a result 
of the insufficient pulse energy for a complete removal of the release agent. 
The results with 600 mJ/cm2 correspond to the prior assumption in chapter 3 where the release agent is 
removed completely after a excimer laser treatment with this pulse energy and two pulses overlap. On one 
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hand this result will be supported by the XPS analyses and on the other hand by the complete cohesive failure 
in the adhesive.  
The shear strength of the tested specimens treated with 800 mJ/cm2 and 48 pulses overlap has a high value 
as well, although the XPS analyses show some silicon on the surface. But this silicon is probably not from the 
release agent but rather from the sizing (s. chapter 3). Because of the function of the silicon in the sizing as an 
adhesion agent there is no bad influence of this silicon on the shear strength. 
5. Conclusions 
The previous investigations on surface pretreatment of CFRP for adhesive bonding by using excimer laser 
radiation [7] show that the full potential of the joint can be utilized by the application of laser radiation with a 
wavelength in the UV range. The presented results in this paper complement these results with XPS and SEM 
analyses of the surfaces of CFRP specimens treated with different excimer laser parameters. 
On one hand the SEM pictures in combination with the XPS spectra point out the direct correlation 
between the quality of adhesive bonding and the removal of the release agent. A complete cohesive failure in 
the adhesive and the highest shear strength are achievable. And on the other hand the different surface 
conditions after excimer laser ablation can be related to shear strength results and to expect elements like 
silicon or nitrogen coming from the epoxy resin or the sizing of the carbon fibers. 
Furthermore the XPS analyses show a possibility to detect the curing degree of a cross-linked silicone 
resin, because of the different binding energies of the silicon depending on the directly linked elements. 
Nevertheless further investigations of the discrete release agent, the pure epoxy resin and the not-embeded 
carbon fiber via XPS analyses are necessary. And in addition further mechanical tests like Peel-tests and 
ageing behavior of excimer laser treated CFRP material are required to demonstrate the process reliability. 
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